all media for any purpose, provided this notice is preserved along with the article's original URL. Microarray-based genomic surveying of gene polymorphisms in Chlamydia trachomatis <p>By comparing two fully sequenced genomes of <it>Chlamydia trachomatis </it>using competitive hybridization on DNA microarrays, a logarithmic correlation was demonstrated between the signal ratio of the arrays and the 75-99% range of nucleotide identities of the genes. Variable genes within 14 uncharacterized strains of C. trachomatis were identified by array analysis and verified by DNA sequencing. These genes may be crucial for understanding chlamydial virulence and pathogenesis.</p>
Background
New genomes are continuously being sequenced, offering insight into relationships among a multitude of organisms. Because of the relatively high cost, multiple genomes within a species are rarely sequenced, as it is difficult to justify a full genome effort for the relatively little novel, albeit potentially important, information gained. Fortunately, microarrays can be used to rapidly screen an entire genome for such data. Previously, identification of genomic variability using microarray analysis was limited to those genes that were either absent or highly divergent [1] [2] [3] [4] [5] [6] [7] . Only recently has the use of microarrays been expanded to detect differences among closely related strains/isolates at the nucleotide level [8] . This increased resolution offers a greater insight into the level of diversification within a species or population, and this can lead to the characterization of genes linked to unique biological attributes such as pathogenesis.
The power of microarrays for comparative genomic purposes is the ability to discover what may be only a few informative loci among thousands. Additional evolutionary and biological functionality tests can then be pursued on these few genes. Rapid and sensitive assays such as microarrays are important for organisms that are highly conserved and undergo little to no horizontal gene movement (that is, recombination or plasmid acquisition). Traditional genotyping tests, such as pulsefield gel electrophoresis (PFGE) or restriction fragment length polymorphism (RFLP), are relatively insensitive in such circumstances [9] . In these assays, the absence of gene movement results in DNA fragments that differ in size solely due to the loss and/or gain of specific restriction sites, which will be a rare event in very similar genomes. Even if an RFLP assay identifies variability between two samples, it provides no specific information regarding the genes in which these changes are located. It is these nucleotide changes that underlie the amino acid sequence and its corresponding protein function that ultimately influences the fitness of an organism. Our goal was to use microarrays as a comparative genomics tool to identify nucleotide polymorphisms among the many closely related strains of Chlamydia trachomatis.
C. trachomatis is an obligate intracellular bacterium with a worldwide distribution. It has a genome of 1.04 megabases (Mb) consisting of 894 open reading frames (ORFs) between 135 and 5,358 nucleotides long, with a median length of 867 nucleotides. Because of its sequestered lifestyle, acquisition of exogenous DNA is considered to have played a limited part in the subsequent evolution of the species after the organisms moved into their intracellular niche and became environmentally and genetically isolated nearly a billion years ago [10, 11] . Consequently, diversity in chlamydial genomes is mostly a result of nucleotide substitutions and gene loss [12] . Over the course of evolutionary history, the accumulation of these differences has led to the present-day biovariants of C. trachomatis, such as those that infect humans or mice. Two biovariants exist within the human-specific strains, which together consist of more than 15 serovariants and occupy one of three distinct biological niches upon infection. Among the trachoma biovar, serovars A, B, Ba and C are associated with ocular infection, and serovars D through K are associated with urogenital infection. Serovars L1, L2 and L3 compose the lymphogranuloma venereum (LGV) biovar and infect lymphatic tissue [13] . Despite these three distinct tissue tropisms among the strains of C. trachomatis, their genomes are all highly similar [14] . In addition to the human strains, there is the closely related C. trachomatis murine biovar, mouse pneumonitis (MoPn), which has been reported to originate from the respiratory epithelial tissue of mice [15] .
For C. trachomatis to achieve niche-specific functions without acquiring exogenous DNA, nucleotide changes must have occurred in some genes that could account for diverse biological capabilities. An example of this is the loss of tryptophan synthase function in the strains associated with ocular infection, a change that purportedly facilitates their persistence in this particular biological niche [16] [17] [18] . All strains isolated from ocular infections were found to have a defective gene within the trp pathway; no strains of urogenital origin were found to harbor such mutations within this region [16] . Although the loss of function was often a result of a single polymorphism within a gene in the trp pathway, it is evident that such small changes can have a dramatic effect on the resulting phenotype and success of an organism. The genes that possess such critical differences among the serovars of C. trachomatis may be identified through the use of microarrays.
Results

Limiting the effects of bias
Because microarrays are competition-based assays, DNA sequences that are identical for a particular gene in the fluorescently labeled test and reference strains will bind with equal affinity to the corresponding immobilized fragment on the array, thereby yielding equivalent signal ratios. A polymorphism is indicated by an increase in the signal ratio at a particular gene region on the array, due to the preferential hybridization of the most closely related reference DNA fragment to the complementary test sequence.
If there are changes in the signal ratio that do not result from variation in the nucleotide sequence of the test DNA, these regions of the array need to be identified as they will skew the data. To identify the loci in the C. trachomatis microarray that may be intrinsically biased towards a higher signal ratio, the reference/array strain (D/UW-3) was used as both the analyte and reference DNA. In this test, every gene has a 100% match that should result in equal signals for each gene region on the array. Most loci on the array produced equivalent signals, although the results indicated a few anomalous gene regions (data not shown). One such locus, ribE, was found to have a high signal ratio in several of the other serovars as well, which should correlate with a high degree of polymorphism in these strains. However, sequence analysis of the ribE region from all the strains revealed little or no nucleotide variation (99.6-100% identity; GenBank accession nos AY542692-AY542704). It was found that 28 genes from the D/UW-3 versus D/UW-3 array data were above the 95% confidence interval as determined by a one-tailed Z-test, and were therefore removed from subsequent experimental datasets in order to eliminate possible confounding bias in the comparisons of other strains at these regions.
Microarray analysis of MoPn
The MoPn biovar of C. trachomatis was selected to establish experimentally that microarray analysis could assess relative levels of nucleotide variation between two related strains. As the genomes of both MoPn and the source strain used to make the microarray (D/UW-3) are known, and were found to be in almost perfect synteny [19, 20] , the percent nucleotide identity between each DNA fragment on the array and its complementary orthologous sequence in MoPn was determined. Overall, the spectrum of sequence identities among all gene pairs from the array ranged from 43% to 99%, and each pair in an integer continuum of 66-99% identity was represented at least once ( Figure 1 ). This range of identities is broader than that characterized in previous studies [8] and proved to When the nucleotide identity for each gene pair between 43% and 99% was compared to its corresponding array signal ratio, the results indicated a logarithmic relationship between the two; as the level of nucleotide identity decreased from 99%, there was an exponential increase in the microarray signal ratio ( Figure 2 ). Below 75% identity, however, the relationship diminished. Because a correlation exists between the signal ratio and nucleotide identities between 75% and 99%, microarrays can be used to assess the relative level of nucleotide differences in genes in otherwise unknown genomes. Those regions below the 75% identity threshold can only be assessed as highly divergent or perhaps absent.
Microarray analysis of C. trachomatis
Having demonstrated that nucleotide difference is correlated with the microarray signal ratio, 14 different C. trachomatis strains representing 14 human serovars (A, B, Ba, C, E, F, G, H, I, J, K, L1, L2, L3) were tested to identify gene regions that were polymorphic compared with the reference strain D/UW-3. For each strain, the microarray data were ordered from highest to lowest signal (see Additional data file 1). The highest rank, 1, indicates the highest signal ratio and therefore represents the locus with the most variation between the test and reference strains. Conversely, the low-ranking sites should have little to no sequence polymorphism. As the C. trachomatis genomes are all highly similar, the top-ranking genes within each test strain were of significance, as these should be the regions that contain the most nucleotide differences ( Table 1) .
Verification of array data
To confirm that the microarray analysis had identified nucleotide variability among the various genomes, several highranking genes were chosen, on the basis of biological interest, to be sequenced and compared to the reference DNA sequence. These genes, which were predicted to be polymorphic from the array data, were found to contain nucleotide differences that were evenly distributed throughout the sequences (Table 2a ). Several of the same genes from strains in which the locus was not predicted to be variable were then sequenced to verify the discriminatory powers of the assay; as expected, these regions did not contain sequence polymorphisms (Table 2b ). In addition, those genes that had previously been described to harbor few to no polymorphisms were not found to have any significant signal ratios (that is, gseA, trpB, 16S) [17, 21] . The well-characterized and sequence-variable ompA gene [22] was among the highest in rank and nucleotide diversity among many of the strains. B/TW-5 was the only strain used in this study with known gene deletions as it is lacking the trp operon and several neighboring genes (CT162-171) [18] . Congruent with these findings, the array data from B/TW-5 indicated that these genes are absent or otherwise highly divergent ( Table 1) . As this region was not highly ranked in any of the other strains, the results indicated that the trp operon was present in the remainder of the strains. The CT868 gene region of strain L1/440 was interesting because of the fact that its high signal ratio and high rank were not entirely due to nucleotide variation (2.2% difference); there was also a 33 base-pair (bp) deletion in the L1/ 440 sequence, indicating that the array is sensitive to insertions/deletions as well as nucleotide variations and gene loss.
Differences between biological groups
An organism with a specific tissue tropism will have evolved differences in its genome as a result of the selection of mutations that promote its survival in that particular biological niche. Therefore, those genes that are different within all the strains of one of the three pathobiological groups of C. trachomatis (ocular, urogenital or lymphogranuloma) may have been selected as a result of niche-specific pressures (Table 3) . For example, a gene identified as variable in serovars A, B, Ba and C may confer an advantage in the ocular environment. Such group-specific changes may be directly associated with differences in phenotypes, and would be important for future functional experiments. However, there were very few genes overall that were classified as different within one biological niche from all the strains tested. Of the 31 niche-specific genes identified, 16 coded for hypothetical genes (5.3% of all hypothetical ORFs) and 15 were from known genes (2.6% of all named genes).
Discussion
The ability to use the C. trachomatis array as a screening tool for DNA polymorphisms was first demonstrated by determining the nucleotide identities for each of 830 gene regions [19, 20] -and then comparing these identities to their corresponding signal ratios. As a locus became more variable on the nucleotide level, its relative signal ratio concomitantly increased as a logarithmic function. Previous studies using Helicobacter pylori microarrays concluded that the relationship between gene identity and the array signal was valid only for those regions above 81% [8] . However, the strains used in that analysis lacked sufficient regions below 81% identity to assess the prospect of a lower cut-off. As the two C. trachomatis genomes had a strong representation of orthologous gene regions with a continuous range of identities from 66% to 99%, it was determined that the logarithmic relationship of the signal ratios diminished in regions below 75% identity, thus delineating this as the lower limit of the association.
One factor that may skew the logarithmic relationship between signal ratios and the corresponding nucleotide identities for some of the gene regions is insertion and deletion. Insertions and deletions can affect hybridization in two ways depending on whether they are present in the test-or in the reference-strain gene. An insertion in a test-strain gene will cause the region to be longer than the complementary sequence on the array, forcing the test DNA at that point to fold during hybridization. A deletion in part of a test-strain gene will prevent proper alignment with the target region, as the DNA sequence on the microarray has a novel segment for which the test strain lacks a complement for hybridization. In addition, the test-strain DNA will not span the unique sequence on the array to align with the nucleotides on both sides. Either an insertion or a deletion will result in a signal ratio higher than expected from the overall nucleotide identity of the gene region, as was seen with the 33 bp deletion in gene CT868 of the L1/440 strain.
Another factor that could affect the correlation of the signal ratio with nucleotide identity is the presence of multiple homologous sequences within a genome. Even if a gene is identical between a test and reference strain, regions of nucleotide similarity found elsewhere in the genome would compete for hybridization to the target region on the array, thereby skewing the signal ratio of the intended gene pair. This may have a profound effect when one is studying genes that have paralogs due to recent gene duplication events, as they may confound the array data because of their regions of similarity. In C. trachomatis this is not an issue, as its paralogs [12] lack significant nucleotide similarity as a result of their ancient duplication events pre-dating chlamydial diversification. Therefore, enough changes have occurred to avoid such bias.
Differences among C. trachomatis strains were identified by microarray analysis and confirmed by subsequent DNA sequencing. Specific genes that were found to vary in one or more genomes may have become fixed either by chance or by selection. If these genes were selected because they offered an advantage in fitness, then they may contribute to phenotypic differences between the serovars. A possible example of this is the tsf (elongation factor TS (EF-TS)) gene, which is a GDPdissociation protein that plays an important role in protein biosynthesis and may have a direct role in the chlamydial developmental cycle [23] . This region was found to be polymorphic in strains A/Har1 and F/IC-Cal3, and the respective nucleotide differences resulted in 12 and 13 amino-acid substitutions over a portion of the coding region when compared to strain D/UW-3. Genes that were found to be polymorphic within all serovars of a particular biological or tissue tropism group may represent the selection of mutations due to niche-specific pressures for survival within that environment. The fliN (flagellar motor switch domain) gene, which is thought to serve a role in the type III secretion system in C. trachomatis, was found to be variable in serovars A-C and L1-L3. In other organisms with type III secretion systems, this gene encodes a protein involved in the switch complex, and amino-acid changes in this region have been shown to have an effect on levels of secretion [24] . By analogy, changes in the fliN gene of C. trachomatis may have resulted in altered phenotypes, leading to an increase in fitness for a particular biological niche and its subsequent selection.
It appears that the three distinct tissue tropisms for strains of C. trachomatis (that is, ocular, urogenital and lymph node) are due to relatively few changes within the coding regions, as there were only 31 genes that were classified as being variable within all strains of a biological niche; interestingly, the majority of these genes code for hypothetical proteins of unknown function. With such globally low differences between all the genomes of C. trachomatis, those few substitutions that have become fixed within the population would have conferred a benefit; otherwise they would have been lost by chance. These genes could be essential in the goal of establishing the genetic basis for the different tissue tropisms of C. trachomatis, as well as providing a basis for future functionality tests.
Conclusions
DNA microarray technology can serve as a rapid tool for identifying regions of polymorphisms in otherwise unknown isolates of C. trachomatis as it has the potential to quickly reduce a genome of a thousand genes to a handful of meaningful sites. Without a genetic model for C. trachomatis, the nucleotide differences identified in this study may offer the best insights into assessing gene function among phenotypically distinct strains. were propagated in HeLa229 cell monolayers in T-150 flasks containing RPMI medium (Invitrogen) supplemented with 10% fetal bovine serum and 50 µg/ml vancomycin. Chlamydial elementary bodies were isolated by sonic treatments of cell suspensions and purified by ultracentrifugation over 30% and 30/44% discontinuous Renografin gradients (E.R. Squibb and Sons, Princeton, NJ) as previously described [25] . Aliquots were frozen at -80°C in sucrose-phosphate-glutamate buffer. Before hybridization, chlamydial elementary bodies were washed and genomic DNA from each strain was prepared by proteinase-K digestion, phenol/chloroform extraction, and ethanol precipitation [26] .
Materials and methods
Hybridizations and data analysis
PCR fragments representing an average of 60% of each ORF from the genome of C. trachomatis strain D/UW-3 were spotted in duplicate per microarray slide [27] . The gene region represented by each array probe was chosen on the basis of the ability to create primer pairs specific for amplification of the longest possible target region, thereby preventing any bias in the selection of particular regions. BioPrime DNA Labeling System Kit (Invitrogen), D/UW-3 genomic DNA (0.2 µg) was labeled with Cy5 dye-labeled nucleotides, whereas all test DNA (0.2 µg) were labeled with Cy3 dye-labeled nucleotides (Invitrogen). Buffer exchange, purification, and concentration of the labeled-DNA products were accomplished as previously described [27] . The two labeled-DNA samples to be compared were mixed, heat denatured (95°C for 3 min), and applied to a chlamydial-DNA microarray in a hybridization mixture containing 3.5 × SSC, 0.3% SDS, and 10 µg yeast tRNA [27] . All hybridizations took place under a glass coverslip in a 75°C water bath overnight, except for the MoPn versus D/UW-3 comparison, which was conducted in a 65°C water bath overnight. The slides were washed, dried, and scanned using a GenePix Scanner 4000A and the resulting 16-bit TIFF images were analyzed using GenePix Pro 4.0 software (Axon Instruments). Only spots with greater than 60% of all pixels having intensities greater than average background intensities were used for analysis. To reduce the effects of variation in array quality, each hybridization was performed at least twice, giving a minimum of four data points for each gene region of a strain as the genome is printed twice per slide. Data for duplicate readings and each hybridization experiment were normalized on the basis of the overall median percent intensity to eliminate slide-to-slide variation.
Percent identity between strains D/UW-3 and MoPn
Each gene region from the D/UW-3 array was aligned with the corresponding orthologous sequence from MoPn using ClustalX [28] , and Mega2 was used to assess the number of nucleotide differences [29] . The percent identity for each region was determined by dividing the number of identical sites between two sequences by the total number of sites, and then multiplying by 100.
Sequence analysis
For sequence analysis, the gene regions corresponding to the array probe of interest were amplified by PCR and sequenced in both the 5' and 3' direction on an ABI PRISM 377 DNA Sequencer (Applied Biosystems) and were deposited in GenBank (accession numbers AY539751-AY539805; AY542692-AY542704). Sequences for the ompA gene were taken from Stothard et al. [30] . The percent nucleotide identity between each test region and the reference sequence represented on the array was calculated as described above.
Additional data files
A complete table (Additional data file 1) containing the signal ratios for each gene (about 900) and their corresponding rank within each serovar (14 each) is available with the online version of this article. 
